Abstract. Risk factors for progression from acute malaria to multiple organ dysfunction syndrome (MODS) are poorly understood. The MODS is commonly diagnosed with the sequential organ failure assessment (SOFA) scale, but this scale has been understudied in patients with severe malaria. We conducted a cohort study among 426 adult males admitted to hospital with malaria in Bogotá, Colombia. We estimated SOFA scores and relative risks (RRs) for MODS during hospitalization according to patients' characteristics on admission. Risk of MODS was 7.3% over a median 6.0 days in hospital. Baseline hemoglobin was strongly, inversely associated with MODS (adjusted RR for hemoglobin 8.5 g/dL versus hemoglobin 11 g/dL = 9.5, 95% confidence interval [CI]: 3.6, 25.3). Plasmodium falciparum malaria and parasitemia were positively associated with MODS. There was a strong interaction between baseline parasitemia and hemoglobin on MODS risk. In conclusion, the use of parasitemia and hemoglobin on admission to identify high-risk patients deserves consideration.
INTRODUCTION
As many as 22% of patients admitted to hospital with malaria can develop multiple organ dysfunction syndrome (MODS). [1] [2] [3] [4] [5] [6] Among complications requiring intensive care unit (ICU) admission are acute lung injury and acute respiratory distress syndrome, pulmonary edema, bacterial sepsis, 7 acute renal failure, 8 severe anemia, cerebral malaria, and thrombocytopenia. 9 The MODS is fatal in 10-49% of patients with malaria. 2, 4, 10, 11 Early identification of patients at the highest risk of MODS and related complications would provide treating clinicians with opportunities to target those who could benefit from intensive or special care. Some factors that predict multiple organ involvement include parasite virulence, host immune status, infection with Plasmodium falciparum, and plasma concentration of histidine-rich protein (HRP)-2 antigen. 4, 9, [12] [13] [14] Nevertheless, whether a combination of easy-to-obtain, inexpensive markers of risk could predict the outcome of patients admitted to hospital with malaria has not been determined. The aim of this study was to examine risk factors for multiple organ dysfunction in patients admitted to hospital with malaria.
METHODS
Study population. We conducted a longitudinal investigation of risk factors for MODS among all male patients 18 years of age or older who were admitted with malaria to the Central Military Hospital (CMH) in Bogotá , Colombia between January 2003 and December 2012. The CMH is a tertiary health care teaching hospital serving personnel in the Colombian armed forces and their families. During the study period, all affiliates receiving a thick blood film-confirmed malaria diagnosis at military health care centers around the country were referred to the CMH in Bogotá for treatment. Before 2010, treatment consisted of intravenous quinine with doxycycline or clindamycin for 7 days. Since 2010, standard treatment has consisted of 2 days of intravenous artesunate with doxycycline or clindamycin for 7 days. We identified all medical records of patients admitted to CMH with at least one of the following discharge diagnoses: malaria with cerebral complications, severe P. falciparum malaria, uncomplicated P. falciparum malaria, Plasmodium vivax malaria with splenic rupture, P. vivax malaria with other complications, uncomplicated P. vivax malaria, Plasmodium malariae malaria with nephropathy, complicated P. malariae malaria, uncomplicated P. malariae malaria, Plasmodium ovale malaria, other confirmed malaria, or malaria not otherwise specified. Patients did not meet MODS criteria at baseline.
Data collection. Using a standardized data collection form, we extracted information on age, sex, and hemoglobin concentrations ( g/dL) upon admission from each patient's medical record. In addition, we recorded the number of days from the onset of symptoms to consultation at CMH. We also registered the duration of hospital stay in days and history of previous malaria infection, current type of Plasmodium infection ( falciparum, vivax, or falciparum and vivax), and parasitemia by thick blood smear. In cases of co-infection with more than one species, P. falciparum parasitemia was registered. We next extracted information on the outcomes of hospital stay including the highest recorded serum creatinine (mg/dL) and total bilirubin (mg/dL) concentrations, lowest recorded platelet count and Glasgow Coma Score, and systolic and diastolic blood pressure (mm of Hg). Lowest recorded PaO 2 /FIO 2 (oxygen pressure/fraction inspired oxygen) was obtained when available; otherwise, the minimum Sat O 2 /FIO 2 (oxygen saturation/fraction inspired oxygen) was extracted. The project was approved by the CMH's ethics committee. The Health Sciences and Behavioral Sciences Institutional Review Board at the University of Michigan exempted the project from review as non-human subjects research.
Data analysis. The outcomes of interest were the maximum sequential organ failure assessment (SOFA) score, a continuous scale used to identify patients at risk of MODS, and the development of MODS during hospital stay. The SOFA scores were calculated for each of six criteria, including creatinine, bilirubin, Glasgow, PaO 2 /FIO 2 , mean arterial pressure (diastolic blood pressure + 1/3[systolic-diastolic blood *Address correspondence to Eduardo Villamor, University of Michigan School of Public Health, Department of Epidemiology, 1415 Washington Heights, Ann Arbor, MI 48109. E-mail: villamor@umich.edu pressure]), and platelet count using a conventional algorithm. 15 The MODS was defined as a sum of all six SOFA score values 8. Of 431 records found, only five belonged to women. Thus, we decided to restrict the study to the 426 men admitted with malaria.
Predictors of interest were hemoglobin concentration on admission, Plasmodium species (vivax, falciparum, or both), parasitemia, age, days with symptoms, and history of malaria. Age was categorized into tertiles, and the days with symptoms before hospital admission and parasitemia into quartiles. Hemoglobin was categorized as 11 g/dL (normal), 8.5 and 11 g/dL (anemic), and 8.5 g/dL (severely anemic). [16] [17] [18] In bivariate analyses, we compared the distribution of the continuous SOFA score outcome between categories of each predictor using the Kruskall Wallis test. Adjusted mean differences and 95% confidence intervals (CIs) for the continuous SOFA score outcome were estimated from multivariable linear regression using empirical variances. 
RESULTS
Mean ± SD age of the 426 adult males included in the study was 24.5 ± 5.3 years; 43% had a history of malaria infection. Mean ± SD hemoglobin and median parasitemia on admission were, respectively, 12.4 ± 2.4 g/dL and 2,965 parasites/μL. Fifty-one percent of participants were infected with P. vivax, 27% with P. falciparum, and 23% with both P. vivax and P. falciparum. Mean ± SD maximum SOFA score during †From a multivariable linear regression model with sequential organ failure assessment (SOFA) as the continuous outcome and hemoglobin, type of infection, and parasitemia as predictors. Hemoglobin was excluded from the model to obtain adjusted estimates for parasitemia because this variable could be on the causal pathway. 95% confidence intervals (CIs) were estimated using empirical variances. ‡From a multivariable Poisson regression model with multiple organ dysfunction syndrome (MODS) as the dichotomous outcome and hemoglobin, type of infection, and parasitemia as predictors. Hemoglobin was excluded from the model to obtain adjusted estimates for parasitemia because this variable could be on the causal pathway.
§Kruskall Wallis test for SOFA score; χ 2 test for MODS. ¶For adjusted differences and relative risks, p is from a test for linear trend for a variable representing the categories of the ordinal predictor introduced into the model as continuous. kFrom thick blood film. hospitalization was 4.1 ± 2.6. The overall risk of MODS, was 7.3% (N = 31) over a median 6 days of hospital stay.
In bivariate analyses, the mean SOFA score was higher in patients 21-24 years of age compared with younger or older patients (Table 1) . It was also higher in patients who had had symptoms for 5-7 days versus 5 or 7 days before admission and in those without a history of infection. Both mean SOFA score and risk of MODS were positively associated with parasitemia and infection with P. falciparum and inversely associated with hemoglobin on admission. After adjustment for parasitemia and type of Plasmodium, patients with hemoglobin 8.5 g/dL had a 3.2 (95% CI = 1.7, 4.6) significantly higher mean SOFA score (p, test for trend 0.0001), and a 9.5 (95% CI = 3.6, 25.3) higher risk of MODS (p, test for trend 0.0001), compared with non-anemic patients. Similarly, after adjustment for type of Plasmodium, parasitemia was positively linearly associated with both the mean SOFA score and risk of MODS. The adjusted mean difference in SOFA score between patients in the 4th versus 1st quartiles of parasitemia was 1.9 (95% CI = 1.1, 2.6; p, test for trend 0.0001) and the adjusted relative risk for MODS was 12.5 (95% CI = 1.6, 95.5; p, test for trend = 0.002). Further adjustment for age and days with symptoms did not change these results.
Finally, we investigated the association of parasitemia with the mean SOFA score stratified by hemoglobin concentrations (Figure 1 ). The positive, linear association between parasitemia and SOFA was much stronger in patients with hemoglobin 8.5 g/dL compared with non-anemic patients (p, test for interaction = 0.02). A similar interaction was observed with risk of MODS; the risk difference between parasitemia quartiles 4th and 1st was 55.6% among patients with hemoglobin 8.5 g/dL and only 5.9% in non-anemic patients (p, test for interaction = 0.05).
DISCUSSION
We found that infection with P. falciparum, higher parasitemia, and low hemoglobin on admission were associated with higher SOFA scores and incidence of MODS in patients admitted to the hospital with a malaria diagnosis. In addition, there was a strong interaction between low hemoglobin and high parasitemia on the maximum SOFA score and risk for MODS.
These findings are important because MODS is a strong predictor of adverse outcomes in patients with complicated malaria, including ICU admission and mortality. 4, 9, 19 Thus, simple, inexpensive tests that allow identification of patients at the highest risk of developing MODS could represent powerful tools to improve clinical outcomes of complicated malaria. Prior studies had found that either severe anemia, 6, 9, 12, [20] [21] [22] high parasitemia, 12, 21, 23 or plasma HRP-2 antigen 13,14 among malaria patients admitted to hospital were related to increased risk of ICU admission, MODS, and death. However, the strong interaction between anemia and parasitemia on SOFA scores and MODS had not been reported previously. Our results indicate that the risk of MODS associated with severe anemia can be as low as that of non-anemic patients provided that parasitemia is low. Because parasitemia and anemia were assessed at the same time point, the opposite may also be true; i.e., that the risk associated with high parasitemia can be minimized if hemoglobin levels are increased. Whether measures such as transfusion or intensive anti-malarial treatment of severely anemic malaria patients with high parasitemia on admission could improve their immediate clinical outcome requires further investigation. The use of parasitemia and hemoglobin to identify high-risk patients with malaria deserves consideration in clinical settings. 
